Abstract: Hafnium dioxide films have been produced by plasma ion assisted electron beam evaporation, utilizing argon or xenon as working gases. The optical constants of the layers have been investigated by spectrophotometry, while X-ray reflection measurements (XRR), energy dispersive X-ray spectroscopy (EDX), and transmission electron microscopy (TEM) have been performed with selected samples. The correlation between structural and optical properties is discussed. With respect to optical quality, the application of xenon as working gas results in coatings with higher refractive index and smaller surface roughness than the application of argon. This effect is attributed to a more efficient momentum transfer from high energetic working gas ions or atoms to hafnium atoms during deposition. 
Introduction
Hafnium oxide is an important coating material today, and with respect to its optical properties it has several application fields. First of all, the combination of a refractive index in the region of 2.0…2.4 in the UV [1] [2] [3] with a bandgap around 5…5.8 eV [2, [4] [5] [6] makes it a favorite high index UV material. In the past, therefore, many studies have been published that focus on the measurement and optimization of optical properties depending on the deposition technique [3, [7] [8] [9] [10] . With respect to deposition techniques applied, hafnium oxide appears as a quite versatile material: successful deposition has been reported for electron beam evaporation without (EBE) and with assistance (IAD and PIAD) [3, 7, 11, 12] , ion plating IP [7, 8, 13] , magnetron sputtering MS [2, 9, 14] , (dual) ion beam sputtering (D)IBS [7, 9] , pulsed laser deposition PLD [1] , atomic layer deposition ALD [15] and sol gel coating [5] .
Moreover, hafnium oxide is also an excellent candidate for a high index material in applications, where a high laser induced damage threshold (LIDT) of the coating is required [7, 10, 11, 16, 17] . More recent studies are therefore focused on LIDT measurement and optimization of multilayer stacks with hafnia as the high index coating [18, 19] . In this regard, hafnium oxide is also in use in chirped mirrors for group velocity dispersion compensation in ultrashort laser pulse technology [20] .
Many studies have shown, that hafnia layers may contain crystalline and amorphous fractions even if they have been deposited by (P)IAD [8, 16, 21] . This is exemplified in Fig. 1 , which presents the cross section transmission electron microscope (TEM) image of a single PIAD-deposited hafnia layer deposited at IOF in an earlier pre-study. After an initial amorphous growth phase, the layer is further polycrystalline. Tiny elongated pores appear between the crystalline grains (compare also some images in [8] ).
Such a coating may appear optically inhomogeneous because the different phases can cause a refractive index gradient. Porosity is another possible reason for optical inhomogeneity. Refractive index gradients of hafnia layers deposited by different techniques have been quantified for example in [9] in the limits of Schröders approximation [22] . Figure 2 shows refractive indices n at a wavelength of 400 nm, depending on the deposition technique, as published in [1, 4, 7, 13, [23] [24] [25] . For MS and IBS, representative literature data corresponding to sufficiently dense coatings at a wavelength of 400 nm have not been identified in our literature study. We therefore decided to include further data into Fig. 2 which have been obtained by extrapolating 250 nm-values published in study [9] to the target wavelength of 400 nm; these data are shown as grey bars in Fig. 2 and seem us reasonable.
It is obvious that coatings deposited with some kind of energetic ion bombardment tend to exhibit higher refractive indices than conventionally evaporated samples. Highest refractive indices are usually achieved by IP, followed by PLD, IBS and MS. Samples prepared by EBE usually have the lowest indices, while IAD and PIAD are in-between the mentioned extreme cases.
The increase in refractive index is usually attributed to an increase in material density, caused as a result of momentum transfer from the accelerated noble gas ions or atoms to the atoms forming the layer [26] . The momentum transfer efficiency can be enhanced by suitable choice of a working gas. With respect to the mass number of hafnium atoms, xenon should be a better candidate for good momentum transfer process efficiency than argon, and indeed there are studies which have shown that the packing density of hafnia coatings can be enhanced when using xenon instead of argon as working gas [10, 16] . In [16] , the authors even report a clear increase in the refractive index at a wavelength of 250 nm with increasing momentum transfer parameter, obtained using IAD with a Kaufmann ion source. Nevertheless the highest reported refractive index of 2.25 (at a wavelength of 250 nm) in that study is not particularly high when comparing with more recent literature data, compare for example [9] . The focus of the present study is clearly on the PIAD technique. PIAD is a cost-efficient deposition technology that allows deposition of dense and stable coatings with high reproducibility. Therefore, it is commonly available nowadays in many industrial companies.
Nevertheless highest reported hafnia refractive indices stem from competing deposition techniques, such as IP or sputtering techniques (Fig. 2) . In that connection it would be of great practical benefit to optimize PIAD deposition conditions with the goal to achieve refractive indices by PIAD which are comparable to best reported literature data.
The purpose of this study is therefore twofold: First of all we want to quantify the effects of a change in working gas in PIAD with an Advanced Plasma Source APS pro on refractive index, optical bandgap and surface roughness of hafnia layers. Secondly, it is our purpose to demonstrate that PIAD accomplished with xenon as working gas can result in hafnia coatings that come close by refractive index and surface roughness to high quality sputtered and ion plated samples.
Layer deposition
PIAD samples have been prepared in a Leybold Optics Syrus pro deposition system at IOF. During layer growth, additional energetic particle bombardment has been accomplished by means of the Leybold Optics Advanced Plasma Source APS pro. Main deposition parameters are summarized in Table 1 .
The substrate temperature was around 110°C, and the oxygen flow was 15 sccm in all experiments. Thickness control has been accomplished by quartz monitoring.
Although according to Table 1 different deposition parameters are varied, the main goal of the investigation is nevertheless to highlight the differences in layers properties caused by application of either argon or xenon as the working gas during deposition. Therefore, as it follows from Table 1 , every deposition experiment performed with xenon was accompanied by a reference experiment performed with argon, all other deposition parameters remaining the same. For quick recognition, xenon sample data are highlighted with a grey background in all tables.
In each run, one fused silica substrate (diameter 25 mm, thickness 1 mm) has been coated for optical measurements, as well as one both-side polished silicon shred for possible additional analytics (EDX or TEM). A further silicon wafer with diameter of 3 inch has been coated for mechanical stress measurements in selected charges only. In the last column in Table 1 , the corresponding non-optical characterization methods as applied to the individual samples are listed. Selected samples have also been characterized by X-ray reflectometry XRR and X-ray diffraction XRD. In addition, hafnia films have been produced at bte Bedampfungstechnik GmbH, Germany, at high temperatures (350°C) without assistance. These films are produced by EBE with a deposition rate 0.5 nm/s and an initial oxygen flow of 65 sccm (with a fixed working pressure of 4.0*10 4 mbar). They are expected to be rather porous when compared to the samples produced by PIAD, and they only serve as further reference samples.
Layer characterization

Optical constants
Transmission and reflection spectra in the range of 200 -1000 nm were obtained by a Perkin Elmer Lambda 950 scanning spectrophotometer (equipped with a VN-measurement attachment [27] ). From these spectra, film thickness as well as optical constants n (refractive index) and k (extinction coefficient) have been deduced from spectra fits in terms of a Lorentzian multioscillator model [28] . The relative accuracy in n-and d-determination is of the order of 1%.
Shift measurements
Some of the layers with lower refractive indices are likely to show a relevant thermal and vacuum shift because they are expected to be porous. For quantification purposes we have therefore measured the shift (more precisely a combination of thermal and vacuum shift) of these samples performing transmission measurements in the visible spectral range using the OptiMon process spectrophotometer [29] .
These measurements have always been performed after more than one week of exposure to atmosphere, so that at least the large pores in the samples can be expected to be filled with water. First, a transmission measurement was performed in atmospheric conditions at room temperature. After that, the measurement chamber has been evacuated to high vacuum and heated up to a temperature of 100°C before making the second transmission measurement. From the differences in these spectra, the shift in optical thickness can be quantified as described elsewhere [8] . 
Stress measurements
For stress measurements, the curvature of uncoated silicon wafers has been determined by a Tencor system. After deposition of the film the measurement of the curvature has been repeated, and from the difference in curvature, the layer stress has been calculated by Stoney's equation. In our convention, negative and positive stress values correspond to tensile and compressive stresses, respectively.
EDX
EDX measurements have been performed using a high resolution scanning electron microscope FE-SEM Sigma (Zeiss). The applied silicon drift detector Inca X-act (Oxford Instruments GmbH) is specified with a resolution of 129 eV. Spectra have been analyzed using INCA Software (INCA Energy 250).
TEM
Two xenon-assisted samples and their argon-assisted references deposited on silicon have been analysed by cross-sectional TEM analysis in order to evaluate the degree and specifics of their porosity as well as of their surface roughness. These measurements have been performed using a CM20 instrument (Philips, Netherlands) operating at 200 kV acceleration voltage. TEM samples were prepared by a standard routine via cutting, gluing, polishing, dimpling and Ar ion milling. Stepwise reduction of the Ar ion energy (from 5 kV to <1 kV) have been applied during the ion milling procedure to avoid possible modifications (amorphisation or layer intermixing) of the layered structure.
XRR and XRD
After deposition few selected samples were characterized with grazing incidence X-ray reflectivity (XRR) using a Bruker D5005 diffractometer operated with Cu-Kα radiation (λ = 0.154 nm) in symmetrical Θ-2Θ geometry. With some priority, we investigated samples where TEM images were available. Because the TEM cross sectional preparation of the samples is generally destructive, for XRR we had to use samples from other deposition runs prepared under identical conditions. The film thickness, material density and surface roughness were extracted from simulation of the reflective curves by the commercial program -WIN-REFSIM‖. Large-angle X-ray diffraction (XRD) of Cu-Kα radiation was applied to obtain information about the crystalline structure of the studied films (samples 15 and 18). Figure 3 shows UV-VIS transmission spectra of the pair of samples 17 (deposited with argon) and 20 (deposited with xenon). Immediately from these spectra it is obvious, that the application of xenon as working gas has led to a higher refractive index and to a shift of the absorption edge to longer wavelength, when comparing to the sample deposited with argon. For reference purposes, a sample deposited without assistance is also shown (in dash); it has a significantly lower refractive index, but higher UV transparency than the pair of assisted samples. From transmission and reflection spectra, all assisted coatings appeared optically homogeneous. No refractive index gradients could be identified. Therefore, all transmission and reflection spectra have been fitted in terms of a homogeneous and isotropic layer model. Thus calculated thickness data as well as the refractive index values for the wavelength of 400 nm are given in Table 2 . We also indicate an optical gap E 04 defined here as the photon energy where the absorption coefficient α  4πk/λ equals 10000 cm 1 [30] . These data are listed in Table 2 together with results on the determined shift and layer stress. Regarding the choice of working gas, it turns out from Table 2 that the application of xenon instead of argon in all experiments has resulted in coatings with a higher refractive index (as measured on fused silica). The reference samples deposited without assistance are lower in refractive index, and show a weak but noticeable negative refractive index gradient. This can be a result of a depthdependent degree of porosity. The porosity of the samples deposited without assistance is verified by the shift measurement, which resulted in rather strong shift values that scatter between 2.2% and 2.8%. At the same time, all non-assisted layers show tensile stress between 150 MPa and 230 MPa.
Results
Optical properties
Structure-related results
According to Table 1 , further structure-related investigations have been performed for selected samples deposited with plasma ion assistance.
Only a limited number of samples could be investigated by TEM. TEM measurements have been performed with samples deposited at a deposition rate of 0.3 nm/s. These samples showed highest refractive indices (Table 2 ) and are expected to have low noble gas content (see Sect. 4.3). Figure 4 shows transmission electron micrographs of the selected samples 5, 8, 17, and 20. The bright-field images on the left side verify the presence of pores in some of the coatings, while the porosity seems highest for sample 5 and decreases from top to bottom. Here the pores appear as the elongated bright structures arranged nearly perpendicular to the surface.
In sample 20, no pores could be detected. This is in good agreement to the result of shift measurements, which indicated strongest shift for sample 5, while sample 20 appeared shift free. Obviously, the pores are large enough to interchange water with the atmosphere.
On the right hand side of Fig. 4 , the dark field images of the corresponding samples are shown. The bright regions in these graphs correspond to crystalline grains. From top to bottom, the crystallite size tends to decrease.
For samples 5, 8, and 17, the TEM bright-field images indicate on some surface roughness development. Corresponding information can also be obtained from the XRR measurements and is indicated in Table 2 . For the samples deposited on Si-substrates with BIAS = 100 V, XRR indicates a significant rms surface roughness of about 1.5nm. The corresponding samples 5 and 8 appear rough in the TEM images, too. In the case of 120 V BIAS, we still obtain approximately the same roughness values for samples deposited with argon, while the surfaces of samples 13 and 18, deposited with xenon, are much smoother. This is also consistent with the results of the TEM investigations, when comparing the samples 17 and 20 (Fig. 4) .
Regarding the choice of working gas, as a further trend it turns out from Table 2 , that the application of xenon instead of argon results in coatings with a higher density (as measured on silicon).
In order to have an additional measure of crystallinity, the pair of sample 15 and 18 has been investigated by XRD. Because the TEM preparation of the utmost interesting samples 17 and 20 was destructive, we had to use samples from other deposition runs prepared under identical conditions. In this sense, sample 15 and 18 replaced the samples 17 and 20. To highlight the effect of the substrate, for these samples, XRR studies have been performed on silicon and fused silica substrates. The results are shown in Table 3 .
The already mentioned increase in density caused by the transition from argon to xenon deposition gas is consistent with the data in Table 3 , and is found on both substrates. Also, on both substrates, the xenon-assisted sample appears smoother than the corresponding argonassisted reference sample. On the other hand, the HfO 2 -films deposited on silicon substrates are smoother and denser than the corresponding films deposited on fused silica. This result can be explained by the ion assistance effect which is more effective on a moderately conducting silicon substrate than on an insulating fused silica substrate due to substrate charging effects.
XRD measurements on these samples indicate the presence of HfO 2 crystallites with a size of approximately 4 nm (on both substrates). This result is in a qualitative agreement to the TEM results (first order of reflections of HfO 2 have been used to set up the dark-field illumination conditions) of the corresponding samples 17 and 20 (Fig. 4) . 
Noble gas content
In order to determine the noble gas content in the studied films, three argon-assisted as well as three xenon-assisted samples have been studied by EDX. Again, priority was with samples prepared at a rate of 0.3 nm/s. In addition, the two 130 V BIAS samples (samples 21 and 22) have been included into the EDX study, because the low refractive index values obtained for these samples (Table 2 ) suggest a high noble gas content. The measured noble gas atom concentrations are given in Table 2 . As a rule, the noble gas content inside HfO 2 -filmes increases with BIAS voltage. This effect is shown in Fig. 5 . It should however be noted, that the samples represented in Fig. 5 also differ in their growth rates. Keeping all other conditions fixed, a reduction in deposition rate should be also accompanied by an increase in noble gas content in the studied films. Therefore, the maximum argon content was really found in sample 21 deposited with maximum studied BIAS voltage (130 V) and minimum deposition rate (0.2 nm/s). 
Discussion
Optical properties
The main purpose of this study is to highlight the effect of xenon assistance during deposition process on the optical performance of PIAD-prepared hafnia coatings. For a direct comparison with argon assisted reference coatings, all refractive index and gap data from Table 2 are shown in Fig. 6 where the optical gap is plotted versus the refractive index at the wavelength of 400 nm.
Also, the figure shows data from reference samples deposited without any assistance. It can immediately be recognized, that the assistance during deposition results in a significant increase in refractive index accompanied by a corresponding shrinkage in the optical gap. This is visualized by the dotted arrow. The three groups of data points (no assistance, argon assistance and xenon assistance) are well aligned along this arrow. It is moreover evident that principally all hafnia layers deposited with xenon assistance have higher refractive indices than the samples deposited with argon assistance. This confirms us that xenon assistance during deposition is more efficient than argon assistance. Together with the surface smothering effect reported in Sect. 4.2, the xenon assistance applied during the deposition process seems a prospective approach in development of enhanced high-index hafnia coatings with superior surface quality. In agreement with the Moss rule, however, high index coatings tend to have lower bandgap values than low-index samples [31] . In Fig. 6, this is reflected by the negative slope of the dotted arrow which indicates the effect of assistance. The practical conclusion is that the UV transparency is best for the non-assisted samples and lowest for the coatings deposited with xenon assistance (see also the measured UV extinction coefficient results in [10] in this regard). When the optical bandgap (Fig. 7 ) and refractive index (Fig. 8) are plotted to the mass density (obtained from samples on silicon substrates), we recognize the expected trend of increasing refractive index and decreasing bandgap with increasing mass density. Moreover, the xenon-assisted samples tend to have higher densities than the argon assisted ones. The film densification achieved by xenon assistance can be attributed to a more efficient momentum transfer from the Xe ions or atoms to the hafnium atoms: The mass number of xenon (M = 131.3) is remarkably closer to that of hafnium (M = 178.5) than the mass number of argon (M = 40), which results in more efficient momentum transfer processes. The important role of efficient momentum transfer in deposition processes of high performance and dense optical coatings has already been reported in [26] with respect to fluoride coatings, and to hafnia in [10, 16] . 
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In an earlier study [8] , refractive indices in the range between 2.03 and 2.08 at the wavelength of 400 nm were established for PIAD hafnia coatings deposited with conventional argon assistance. The data from Fig. 6 are in good agreement to these earlier investigations. In the same study, refractive indices of 2.174 and 2.197 extracted from different techniques have been reported for a hafnia coating produced by an ion plating technique, while the short scale surface roughness of this sample was around 1nm rms. When comparing these data with the findings from the present study, we can conclude that the xenon-assisted samples tend to exhibit optical properties intermediate between typical argon-assisted PIAD and ion plated samples, while the surface roughness values come close to the results achieved by ion plating. Of course, mechanical stress of the PIAD coatings remains much lower than that of ion plated samples.
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Structure-related properties
Although Figs. 7 and 8 seem to verify a clear correlation between optical properties and mass density, a shortcoming in our discussion is that optical data have been only obtained from samples deposited on fused silica, while structure-related data have been obtained only from selected samples deposited mainly on silicon substrates. There are nevertheless several attributes, which confirm us that correlations like shown in Figs. 7 and 8 really can be applied for all studied samples:
i. The results of shift measurements (performed on fused silica) are in excellent agreement with the indications on porosity as obtained from TEM investigations performed on silicon. Samples, which appear porous on silicon, exhibit a shift on fused silica. For that reason, in Fig. 4 the shift data have also been included (left column). Thus, the samples that appear shifting on silica must also be porous, and will consequently have a lower density than samples without shift. Exactly the same trend is observed when opposing shift data to density data obtained from XRR on silicon (Fig. 9) . From Fig. 9 it is evident, that coatings with low density on silicon tend to exhibit shifts on fused silica. From these coincidences we conclude, that there is a monotonous correlation between the density measured on silicon and that relevant on fused silica.
ii. Of course, Fig. 9 also contains one point of low density, where no shift could be established. This point corresponds to the sample 11, deposited with argon assistance at low deposition rate. Once this study is focused on optical properties, we were unable to perform structure investigations with all samples. But the low deposition rate and the similarity of the properties of sample 11 to those of sample 21 suggest that sample 11 will also be rich in argon. High argon content, however, will have at least two consequences: It reduces the density of the coatings without causing any shift, and it impedes the accuracy in density determination by means of XRR. Therefore, to our opinion, the extraordinary behavior of sample 11 in Fig. 9 does not violate the validity of the general conclusions from point i).
iii. The comparative investigation of samples 15 and 18 on silicon and fused silica by XRR (Table 3 ) reveals the same trends in the evolution of density and surface roughness when changing the working gas on both types of substrates (compare the discussion in Sect. 4.2.). Moreover, no differences in crystalline structure of hafnia films deposited on different substrates could be observed by the XRD study.
iv. The relation between shift (measured on fused silica) and stress (measured on silicon) reveals the dependence typically observed for oxide coatings (Fig. 10 ) [8, 32] . This also applies to the non-assisted samples, which are again included into this figure.
9.3 9.6 9. In the frames of this study, we therefore conclude on a general agreement between the trends observed in structural parameters and optical properties. It was found that the discrepancies in hafnia densities for samples deposited on different substrates with Ar and Xe assistances are 0.3 g/cm 3 and 0.5 g/cm 3 , respectively (Table 3) . Once momentum transfer is more efficient for the xenon-assisted sample 18, it is understandable that the difference in densities on different substrates turns out to be higher for the xenon assisted samples. In Figs. 7 and 8, this discrepancy is expected to appear as a mere offset in abscissa scaling, but shall not have any crucial influence on the general type of correlation.
Comparison with literature data
In Fig. 11 , roughness data presented in Table 3 are compared to literature data, taken from [7] (obtained there by means of AFM measurements). Roughness values published in [3] have not been included into Fig. 11 because of the significantly lower film thickness. Figure 11 thus only contains data points which stem from hafnia layers deposited on fused silica, while the film thickness is in the range between 170 nm and approximately 280 nm, as estimated for the 2H-layers at a wavelength of 1064 nm from [7] . [7] . DIBS denotes Dual Ion Beam Sputtering.
In Fig. 11 , the roughness data are opposed to the refractive index at a wavelength of 400 nm. Two trends are obvious: Firstly, the roughness tends to decrease with increasing refractive index. This behavior can be attributed to the porosity of the films -a decrease in porosity gives rise to a higher refractive index and a smoother surface, in complete agreement to the trends visualized in Fig. 4 . Secondly, the PIAD point corresponding to sample 18 (assistance with xenon) comes close to the literature value for the IP sample from [7] .
In order to compare the refractive indices obtained in the frame of this study to literature data, we would like to return to the data presented in Fig. 2. In Fig. 12 , these data are replotted together with highest refractive index values obtained in the present study. It is evident, that the xenon-assisted PIAD samples again come close to refractive indices that are usually achieved by sputtering or ion plating techniques. For direct comparison with other sources, we mention the corresponding refractive indices at a wavelength of 250 nm: it is 2.30 for the argon assisted sample, and 2.35 for the xenon assisted sample.
Hence, PIAD with xenon as working gas can result in hafnia coatings close by performance to high quality sputtered and IP samples. 
Summary
We have presented experimental material on optical and structural properties of PIAD hafnia coatings. The main results of this study can be summarized as follows:
• PIAD of hafnium dioxide with xenon assistance results in higher refractive indices, lower band gaps and smoother film surfaces than PIAD with argon assistance.
• TEM and XRR data suggest a clear correlation between porosity, mass density, refractive index, shift and surface roughness of the layers.
• When comparing with literature data, xenon-assisted PIAD hafnia coatings come close to best values for refractive index and surface roughness published so far in the literature. Future experiments will pursue deeper understanding of the film forming elementary processes determining energy-and momentum impact onto the substrate by detailed analysis of the plasma properties near the substrate during PIAD processes.
